We describe a method for the generation of random point deletions in any target DNA sequence using synthetic mixed oligonucleotides. A mixed pool of oligonucleotides, which contain single nucleotide deletions randomly distributed throughout the full length, was generated by a modification of the synthesis cycle of an automated DNA synthesiser that allowed the inefficient incorporation of nucleotide monomers during each cycle of synthesis. A family of oligonucleotides was used to prime in vitro synthesis of the complementary strand of a cloned DNA fragment in an M13 vector which had previously been passaged through a dut~, ung~ Escherichia coli host. Strong selection for progeny from the newly synthesised strand is provided by transforming the heteroduplex into a dut + , ung + host. This procedure introduced point deletions at 10-25% efficiency. It has been used to introduce point deletions into operator sequences which bind the yeast regulatory proteins encoded by MATal and MATcil.
INTRODUCTION
The use of synthetic oligonucleotides for the introduction of point substitutions has been an invaluable tool in the study of structure-function relationships of proteins and DNA elements. Recently, several methods have emerged, which use deliberately contaminated oligonucleotides, for the generation of random mutations within a short DNA target sequence. These employ cassette mutagenesis or primer extension type strategies (1) (2) (3) (4) (5) (6) (7) (8) and allows the generation of families of variant proteins or DNA elements which can subsequently be used to perform a complete and detailed analysis of the protein or DNA sequence element under investigation.
Another type of analysis, particularly useful for the study of operator elements, is deletion analysis of DNA promoter regions. This has been used to define upstream activation sequences, enhancer sequences or other segments of DNA that are involved in the correct expression or regulation of the gene products. The methods that are available for this type of approach rely on exonucleolytic removal of nucleotides from the ends of linear DNA fragments with exonuclease HI or Bal31 (9, 10), or through oligonucleotide directed deletions (11) . A disadvantage with the use of exonucleases is that single and double point deletions, which might be desired for performing a finer analysis of the interactions of particular nucleotides with amino acid residues of a trans acting factor, are difficult to generate. Oligonucleotides can be used to give the desired deletions but in order to generate a family of successive point deletions, a large number of oligonucleotides have to be synthesised which can be expensive and time consuming.
We describe modifications to the chemical synthesis cycle of DNA synthesisers that allow the generation of a mixed population of oligomers that contain single point deletions. These n-1 oligonucleotide products can then be incorporated by primer extension of a single stranded template to form hybrid duplexes (12, 13) , or incorporated into vectors by cloning strategies (1, 4, 14) to generate the desired family of point deletions in target sequences. The modifications can also be adapted to generate families of oligonucleotides that contain two adjacent nucleotide deletions and in theory it may be possible to extend this approach to the deletion of three consecutive nucleotide deletions from a sequence, which would be useful for analysing the effects of deletion of amino acids in a given protein.
We describe our results for the generation of point deletions in sequences from upstream of the MATaX gene (al-a2 target) and the BAR] gene (a2 target) that are targets for the products of the MATal and MATOLI loci (15, 16) . (18, 19) were the host strains used for all recombinant plasmids, and were grown in YT broth. E.coli DNA polymerase I (Klenow fragment) and T4 DNA ligase were obtained from B.R.L. Deoxynucleotide triphosphates were purchased from Pharmacia. Protected deoxyribonucleoside cyanoethyl phosphoramidites, tetrazole and anhydrous acetonitrile were purchased from Glen Research Corporation, dichloroacetic acid and acetic anhydride from B.D.H., tetrahydrofuran (u.v. grade) and acetonitrile (u.v. grade) from American Burdick & Jackson, and 2, 6-lutidine from Sigma. Other reagents for the automated DNA synthesiser were obtained through Aldrich Chemicals. Plasmids Deletion mutagenesis was performed on a M13mpl 1 vector bearing a 0.8kb Sal\-BamHl fragment of the CYC1 gene which contains the regulatory elements required for the correct expression of cytochrome c (UAS1, UAS2 and TATA elements). In addition, this fragment contains either a 22 base pair sequence of the al-a2 target from upstream of the MATal gene (15) or a 31 base pair sequence of the al target (16) inserted at the Xhol site lying between the UAS1 and the TATA sequences (20) . Oligonucleotide Synthesis. Oligonucleotides were synthesised on Applied Biosystems 380A or 38OB automated synthesisers, using the cyanoethyl phosphoramidite chemistry (21) with a modified synthesis cycle. The oligonucleotides were freed from non-nucleotidic contaminants by passage through a /t 18 Sep Pak cartridge (Millipore). 10% of the crude deprotected oligonucleotide (15 -20 A 2 go units) was suspended in 0.5M ammonium acetate (1 ml), loaded onto the cartridge and the contaminants removed by washing with water (10ml). The oligonucleotide was eluted with 20% acetonitrile (3 X lml). The majority of the desired product was eluted in the first fraction, as quantitated by measuring its absorption at 260nm. It was dried under vacuum. For purification of individual families of oligonucleotides, 10-15% of the crude oligonucleotide mixture was subjected to polyacrylamide gel electrophoresis in 7M urea, and the appropriate band excised. The oligonucleotide mixture was eluted from the gel in 0.5M ammonium acetate (lml) and passaged through a Sep Pak cartridge for removal of contaminants as described above.
MATERIALS AND METHODS

Mixed Oligodeoxynucleotide Mutagenesis
Single stranded uracil DNA (15 jtl in TE, 0.5pmole) was mixed with the mutagenic oligodeoxynucleotide (1 /d, 2.5pmole) which had been chemically phosphorylated at it's 5'-end (22) , and lOx annealing buffer (2.5 /i\, lOOmM Tris-HCl, pH 8.0, lOOmM MgCl 2 ). The mixture was heated at 65°C for 5min, and allowed to return to room temperature and then placed on ice for 5 min. Extension and ligation were performed, essentially as described (19) , by addition of a mixture of 5 x polymerase mix (20 /d 200mM Tris-HCl, lOOmM MgSO 4 , lOmM ATP, 15mM DTT, 5mM each dNTP), Klenow DNA polymerase (1 p\, lunit) and T4 DNA ligase (1 jd, lunit) to a total volume of 100 /d. The mixture was incubated on ice for 5min and at RT for 4h. One-fifth of this extension mix was used to transform 200 jil of competent E. coli JM101 cells prepared as described (23) . Transformants were screened for mutations by dideoxy sequencing essentially as described by Sanger and co-workers (24) .
RESULTS
Strategy
For the generation of a family of point deletions in a target DNA sequence we wished to synthesise a mixed population of oligonucleotides with single nucleotide deletions randomly distributed throughout their full length. We reasoned that if the efficiency of incorporation of each new monomer nucleotide to the extending chain is reduced during the synthesis cycle such that the newly elongated product also contains a small percentage of the unextended (n-1) product, it should be possible to extend this (n-1) product in the next addition cycle if the normal chemical capping steps were omitted. (In normal oligonucleotide synthesis, a capping step immediately follows the internucleotide coupling reaction to block, by acetylation, any 5' hydroxyl groups which failed to react during the last coupling reaction. Chains bearing acetylated 5' termini are incapable of subsequent chain extension. In this way only chains of correct sequence are allowed to propagate). By omitting the capping step an inefficient incorporation of nucleotide monomers at each cycle of synthesis should produce a mixture containing little full length oligonucleotide and mainly a mixed population of chains containing one or more nucleotide deletions, which can be resolved into n, n-1, n-2, etc families and isolated using 7M urea-polyacrylamide gel electrophoresis. Thus, the band containing the (n-1) family should contain all possible single nucleotide deletions randomly distributed throughout the specified sequence.
However, a family of two adjacent point deletions cannot be generated using the contents of the (n-2) band because the oligonucleotides within it contain two separate single nucleotide deletions randomly distributed throughout the sequence. By analogy, the most logical method of achieving a random family of two adjacent nucleotide deletions would be by inefficient oligonucleotide synthesis using dinucleotides (25) without capping. As the synthesis of all 16 dinucleotides would be time consuming, we have attempted to simulate the addition of dinucleotides using mononucleotide addition with a modified synthesis cycle for the automated synthesiser.
Synthesis of oligonucleotides containing single point deletions
Experience from manual synthesis has shown that a mononucleotide coupling efficiency of at least 93 % is required in order to synthesise a full length 30 mer oligonucleotide in detectable amounts. A higher coupling efficiency is required if capping is not included in the synthesis cycle. Because the normal synthetic cycle gives an efficiency of greater than 99%, it was necessary to reduce the coupling efficiency to about 95%, as measured by the release of the dimethoxytrityl cation, for the synthesis of the 22 mer (SN49) using the small scale (0.2 /unol) /3 cyanoethyl phosphoramidite program on the Applied Biosystems 380A synthesiser, and to use these conditions with the capping steps removed.
Electrophoresis of the product obtained from the uncapped synthesis would be expected to reveal very little full length product and a band containing the mixed population of (n-1) oligonucleotides as the major component in the ladder of truncated heterogeneous species.
With the 38OA DNA synthesiser the synthesis cycle was modified by reducing the 'wait' step for the coupling reactions from 30 sec to 15 sec and the 0.1M phosphoramidite solutions were diluted to 0.033M with anhydrous acetonitrile. The molar excess of phosphoramidite over that of the support bound oligonucleotide was thus reduced from 25 fold to 8 fold. With these modifications the synthesis of the 22-mer with capping had the desired coupling efficiency of about 95% and the synthesis with capping omitted produced the desired pattern of bands on the gel after electrophoresis (Fig. 1, lane 1) . The (n-1) envelope was excised and extracted by soaking overnight as described previously (26) .
The same results were obtained on the 380B synthesiser when the phosphoramidites were diluted on-line. The product pattern was further altered by increasing the amount of solid support. Fig. 1 shows the electrophoretic profile of three syntheses of a 33 mer (SN54M). Experiment 1 (lane 3) used 0.2/tmol nucleoside (lOmg of support), experiment 2 (lane 4) used 0.3/imol (15mg of support) and experiment 3 (lane 5) used 0.4^mole (20mg of support). For each synthesis the phosphoramidite concentration was 0.033M and the capping step was omitted. The synthesis in experiment 3 gave the best band pattern ( Fig.  1 ) with a small amount of full length oligonucleotide above a pronounced ladder of truncated species. Lane 2 shows the pattern of bands when the capping step is included. The ladder effect is greatly minimised.
Synthesis of oligonucleotides containing double adjacent deletion.
The synthesis of a 33mer oligonucleotide (SN54D) simulating the inefficient addition of dinucleotides was performed using alternating cycles of differing synthetic efficiencies with the 380B synthesiser. One synthesis cycle of about 95% efficiency was achieved by using normal concentrations of phosphoramidites but using twice the normal amount of support, and by reducing the coupling time to 30 sec by decreasing the 'wait' step by 15 sec. This reduces the molar excess of activated phosphoramidite over that of the support bound oligonucleotide from 25 fold to 12 fold. An even less efficient coupling cycle was achieved by using 3-fold on-line dilution of the phosphoramidites (0.1M to O.O33M) giving a molar excess of phosphoramidite of 4 fold together with a 30 second coupling time. We estimate the efficiency of this step to be about 90%. The overall effect of this synthesis strategy is that during the 90% efficient synthesis step a substantial percentage of oligonucleotides do not undergo addition of monomer and during the 95 % efficient synthesis step a subset of these unextended chains also do not chain extend during the next coupling reaction, resulting in the introduction of adjacent deletions. In the next round of inefficient and efficient synthesis a different population of oligonucleotides will not be chain extended and those that have already undergone double deletions are likely to undergo normal cycles of synthesis. Thus, deletions will be introduced throughout the full length of the oligonucleotide. The final pool of oligonucleotides will contain a family of oligonucleotides corresponding to the (n-1) band that have single base deletions. The (n-2) band will contains a family of oligonucleotides that have double adjacent deletions together with a family of oligonucleotides which contain double non-adjacent deletions. The n-3 band should contain a mixture of adjacent and non-adjacent double deletions and single base deletions. We have no method of quantitating the proportions of various families of oligonucleotides that are present. The first deletion in the family of oligonucleotides with double adjacent deletions will always be the an even nucleotide from the 3' end corresponding to the phosphoramidites to simulate a poor synthesis cycle followed by a poorer synthesis cycle. With the capping step included the majority of the material is the full length product. Lane 7, as lane 6 but the capping step was omitted. Only a minority of the material is the full length product. Lane 8, bromophenol blue marker.
inefficient coupling cycle. To generate an oligonucleotide family where the odd nucleotide is the first deleted base, a separate synthesis would have to be performed with the inefficient cycle of additions corresponding to odd nucleotides of the full length oligonucleotide. In order to synthesise SN54D the Applied Biosystems 380B synthesiser was set up with phosphoramidite solutions at normal positions and anhydrous acetonitrile at bottle positions 6 and 7 (cf 38OB user manual), and diluted phosphoramidites were specified as (6N7) when the oligonucleotide sequence was entered and stored in the memory of the synthesiser. Thus, the sequence 5'CCATGTAATTACCGAAAAAGGAAATTTACATGG-3' was keyed in as 5'-C(6C7)A(6T7)G(6T7) T(6A7)C(6A)T(6G7)G-3'. Counting from the 3'-end even numbered bases were added inefficiently and odd ones efficiently. The electrophoresis profile of SN54D is shown in Fig 1. identifying a ladder of species corresponding to n-1, n-2, n-3.... family of oligonucleotides.
Analysis of deletion mutants
The oligonucleotides were used in our on going mutagenic analyses of the target sequences which bind the MAT regulatory proteins al and al. A 11 nucleotide sequence interacts with both al and al (al-a2 target) and a larger 31 nucleotide operator element (a2 target) which is required for binding to al and to a transcription factor PRTF/GRM/MCM (27) (28) (29) (30) . The in vivo effects of the point deletions will be presented elsewhere (S. S. Ner and M. Smith, manuscript in preparation). Figure 2 . Summary of the deletions mutations observed. A. Point deletions generated in the target sequence for the MAT regulatory proteins al and a 2 . The oligonucleotide material corresponding to the n-1 band of SN49 was excised and purified after polyacry lamide gel electrophoresis and used to prime second strand synthesis of a single stranded uracil-containing template (cf Materials and Methods). The changes introduced by the incorporation of the oligonucleotide were identified by Sanger sequencing. 36 transformants were screened. B. Point deletions generated in the target sequence for the MATa2 and PRTF/GRM/MCM proteins. a Oligonucleotide SN54M (Sep Pak cleaned but without electrophoretic fractionation) was used to direct second strand synthesis. 36 transformants were screened.
b Oligonucleotide SN54D (Sep Pak cleaned but without electrophoretic fractionation) was incorporated into heteroduplex by second strand synthesis. 96 transformants were sequenced. c The n-2 band of oligonucleotide SN54D (fractionated and excised) was used to prime second strand synthesis. 96 transformants were sequenced.
d The n-3 band of SN54D (fractionated and excised) was incorporated by primer extension. 36 transformants were screened by sequencing. A identifies the position of the deletion. Letters indicate the position and type of substitution obtained in four transformants.
The 22 mer (SN49) corresponded to the sequence of the al-a2 target and the 33 mer (SN54) corresponded to the al target, respectively. SN49 (5'-TCCTCAATGTAG-AAAAGTACATCGA) was fractionated by gel electrophoresis and contained a ladder corresponding to oligonucleotide products n, n-1 .... n-6 (Fig 1, lane 1) . The major band corresponded to the n-1 product. This was excised and passed through a Sep Pak column (26) . This product was used to prime second strand DNA synthesis using single strand DNA template containing uracil (19) . After transformation off. coli with the heteroduplex DNA, single strand DNA was isolated from the resulting plaques and sequenced (24, 31) . With this oligonucleotide 48 clones were sequenced and 4 single point deletions were observed in the target region. In addition, two point substitutions were also seen, a conversion of T to a C and conversion of TCAA to TTCA (Fig. 2A) . How these changes were introduced is unknown. We also observed the incorporation of the oligonucleotide downstream of the desired target on four occasions. Thus, the efficiency of mutagenesis was low for the al-a2 target and we feel this is sequence related as low efficiencies were also obtained when defined point substitutions were introduced in this region using unique oligonucleotides (results not shown).
The total product of the synthesis of the 33-mer, SN54M (Fig. 1, lane 5 ) was passed through a n iS Sep Pak column and used to prime second strand synthesis without electrophoretic fractionation. Thus, the priming mutagenic oligonucleotide mixture contained families of oligonucleotides which contain single, double, triple etc. nucleotide deletions and might be expected to give mutant products with single, double etc nucleotide deletions. 48 transformants were screened and 4 single deletions were observed (Fig. 2B) . No other type of substitutions or deletions were seen. However, 3 clones contained insertions of an oligonucleotide downstream of the a2 target sequence, but these sequences contained no deletion of bases in the target region.
We attempted the generation of double adjacent deletions using the products of the synthesis of the 33-mer SN54D (Fig.l. lane 7) . Initially, the mixture of SN54D, freed of non-nucleotidic contaminants by passage through a Sep Pak, containing all oligonucleotide families was used in the mutagenesis experiment, and of the 96 transformants screened by sequencing 13 contained single point deletions and 2 contained double adjacent point deletions (Fig. 2B ) But no non-adjacent point deletions or point substitutions were observed.
We also isolated the bands which corresponded to the n-2 and n-3 oligonucleotide mixtures in SN54D after polyacrylamide gel electrophoresis, and used these families of oligonucleotides for mutagenesis by primer extension. 60 transformants were analysed for the (n-2) family of which 14 contained single nucleotide deletions, one contained a nonadjacent double deletion and one contained a G to A substitution (Fig. 2B) . 36 transformants screened for the (n-3) family yielded 6 point deletions and one non-adjacent double deletion. The results from this experiment clearly show a strong bias towards the generation of single nucleotide deletions even though families of oligonucleotides containing multiple deletions were used.
DISCUSSION
The results presented in this paper show that it is possible deliberately to synthesise families of oligonucleotides that contain point deletions distributed throughout their full length, and these can be used as oligonucleotide mutagens by cloning into vectors using primer extension to yield mutants that have random single nucleotide deletions in target areas specified by the oligonucleotide sequence. The procedures for synthesis of these oligonucleotides required that we lowered the efficiency of coupling at each addition cycle so that the support bound oligonucleotide chains also contained a proportion that evaded monomer addition. These unextended products were then allowed to chain extend in the next addition cycle by omission of the conventional capping step of oligonucleotide synthesis.
Similarly, we attempted to synthesise oligonucleotides which contained increased levels of double adjacent deletions. This was achieved by changing the synthesis conditions such that the cycles were of poor coupling efficiencies alternating with cycles of even poorer coupling efficiencies. Our results with this type of oligonucleotide family were disappointing in that they did not produce paired or triple deletions. Because the mutants produced by n-2 or n-3 oligonucleotide mixtures gave only single nucleotide deletions it appears that either contaminating n-1 oligonucleotides were preferentially incorporated in vitro into double stranded DNA or that the production of multiple deletions was lowered due to mismatch repair mechanisms.
The combined analysis of the results from the three mutagenic oligonucleotides (288 transformants) shows point deletions are generated at each of the four nucleotides with equal frequency. There do not seem to be any hotspots in mutagenesis. On four occasions point substitutions (rather than deletions) were obtained at positions corresponding to the 3' and 5' ends of the oligonucleotides and we observed only one deletion within 5 nucleotides of the 5' end of the oligonucleotide and one deletion 4 nucleotides of the 3' end of the oligonucleotide (Fig. 2) . This may reflect the presence 5' to 3' exonuclease activity of DNA polymerase I, acting on unligated products, either in vivo or in vitro (as a contaminant of Klenow polymerase) which edits the 5' of the mutagenic oligonucleotide (32); and of 3' to 5' exonuclease activity of Klenow polymerase which edits nucleotides from the 3' end during in vitro DNA synthesis (33) .
For the three mutagenic oligonucleotides used in this study point deletions were obtained at 5-25% efficiency and multiple deletions were seen at a much lower frequency. This is somewhat lower than the efficiencies observed (25-55 %) when point substitutions were introduced using mixed oligonucleotides (8) . We feel this is indicative of either preferential incorporation of full length oligonucleotides or in vivo correction of ioop-outs'. Heteroduplexes which have deletions of multiple bases may be more readily corrected than those containing single base deletions which may in turn be more readily corrected than those with base substitutions. Similarly, heteroduplexes containing loop-outs of double or triple nucleotides may be thermodynamically less stable than those with loop-outs of single nucleotides and thus may not be favoured.
In summary, point deletions were effectively generated using the modified synthesis strategy, however the incorporation of oligonucleotides containing multiple deletions by primer extension was inefficient possibly due to in vivo correction mechanisms and/or reduced stability of the heteroduplexes. It may be possible to introduce double deletions effectively by cloning of the oligonucleotides between conveniently placed restriction sites (14) or by using the method of Eckstein and co-workers (34) . 
